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Electronic structure and transport characteristics of coupled CdS and ZnSe quantum dots are studied using
density functional theory and non equilibrium Greens function method respectively. Our investigations show
that in these novel coupled dots, the frontier occupied and unoccupied molecular orbitals are spatially lo-
cated in two different parts of the coupled dot, thereby indicating the possibility of asymmetry in electronic
transport. We have calculated electronic transport through the coupled quantum dot by varying the coupling
strength between the individual quantum dots in the limits of weak and strong coupling. Calculations reveal
asymmetric current vs voltage curves in both the limits indicating the rectifying properties of the coupled
quantum dots. Additionally we discuss the possibility to tune the switching behavior of the coupled dots by
different gate geometries.
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I. INTRODUCTION
Semiconductor heterostructures are a class of promis-
ing materials that have already found wide scale appli-
cations in optoelectronic devices, high electron mobility
transistors, solar cells and light emitting diodes .1,2 The
functionality of such heterostructures can be further con-
trolled at nanoscale, as the quantum confinement effect
of the charge carriers in individual nanoscale structures is
combined with the changes in electronic properties due to
heterostucture formation. This may provide additional
functionalization possibilities of the heterostructures at
nanoscale. In fact it has been shown that semiconduc-
tor heterostructures at nanoscale offer tunability of the
band gap due to band-offset engineering at the interface
in a wide range due to the quantum confinement of elec-
trons .3–5 Semiconducting heterostructures can be either
of type-I or type-II depending on the relative alignment
of conduction and valence band edges of the parent ma-
terials that form the interface. In a typical type-II case
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with staggered band alignment, the lowest energy states
for electrons and holes are situated in different semicon-
ductors; therefore, at the interfaces electrons and holes
tend to stay spatially apart due to the energy gradient.
Thus, type-II alignment is beneficial for application in
photovoltaic devices, with excited electrons and holes
located at two spatially different parts of the material,
thereby reducing the chances of recombination .6 Such
type-II alignment have been realized in various kind of
heterostructues at nanoscale namely core-shell nanocrys-
tals ,7–14 multicomponent heteronanorods 15 and coupled
quantum dots (QDs) .3,4,8 In the case of coupled dots,
there are two separate dots only interacting at an de-
fined interface, where in case of core-shell structures one
material is completely encapsulated by the second one.
Thereby, core-shell structures have the disadvantage that
not both materials can be contacted. Recently, it has
been shown that coupled QDs can capture photons and
can be integrated as an active component within quan-
tum dot sensitized solar cells .4 In addition, such type-II
heterostructures also offer the possibility of charge trans-
fer very similar to molecular heterojunctions. Molecular
heterojuctions ,16,17 where charge transfer takes place be-
tween two molecules behaving as a donor and an accep-
tor, were earlier proposed to be useful in molecular elec-
tronic devices such as in molecular diodes or molecular
switches. However, their use in real applications is still
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2limited due to stability issues. Analogously, type-II het-
erostructures at nanoscale, in particular type-II coupled
QDs, may provide an alternative route to design diode
and transistor devices at nanoscale.
While reports on such diode or transistor devices using
semiconductor heterostructures (p-n junction) 18,19 are
available, not much is known on the transport proper-
ties of coupled dots, and how the relative orientation of
the dots might affect their electronic and transport prop-
erties. One question we want to address: Will the asym-
metric couplings of the coupled quantum dots be found
in the transport characteristics?
Dalui et al. 4 reported on the formation of interfaces
between a fixed sized ZnSe QDs (4.5 nm) and three dif-
ferent sized CdS QDs (2.6, 4.2 and 5.6 nm). These dots
have sizes which makes them too large to compute their
transport characteristics directly using atomistic elec-
tronic structure methods. Specifically the number of gold
atoms required to simulate leads for such large systems
is not computationally feasible. Therefore we choose to
reduce the number of atoms by introducing a suitable
model system. In our study we have scaled down the
size of the coupled dots so that each individual model
dot contains only 24 atoms, to keep the electronic trans-
port modelling computationally tractable. Please note,
these model coupled QDs are not only dynamically sta-
ble but also display the typical type-II behaviour that
is known from dots with larger sizes as investigated ex-
perimentally .3–5 In order to explore the electronic struc-
ture and investigate the effect of the coupling strength of
the CdS/ZnSe QDs, we have performed electronic struc-
ture studies based on density functional theory (DFT).
In addition, we have calculated the electronic transport
through the coupled QD in a two-probe set-up and cal-
culated the current−voltage characteristics of model de-
vices and correlated the transport properties with the
coupling strength of the QDs. The most interesting ef-
fects in coupled QDs arise in cases where the electronic
states in both dots are equal or very close in energy. Typ-
ically the states in QD devices can be tuned via care-
ful application of gate voltages on each of the individual
dots. It will be interesting to see whether the effects
predicted on model systems 20 could be realized in ex-
perimentally synthesized CdS/ZnSe coupled QDs. The
remainder of the paper is organized as follows, we shall
discuss our methodology in section II, followed by our
results on electronic structure and transport calculations
in section III. Finally conclusions are provided in section
IV.
II. METHODOLOGY
We have employed DFT based electronic structure
methods to accurately model the electronic properties
of the model coupled QDs, employing generalized gradi-
ent approximation (GGA) with Perdew-Burke-Ernzerhof
(PBE) functional .21 All structures were subjected to ge-
ometrical optimization till the forces on each atom were
below 0.05 eV/A˚. The geometries were optimized us-
ing NRLMOL 22–26 with the density functional optimized
DFO basis set .27 The Vienna ab-initio Simulation Pack-
age (VASP) 28,29 was used in order to double check all
results. We have used Γ-centered single point k-mesh to
map the Brillouin-zone of these confined dots. Both stud-
ies gave similar results for geometry and electronic struc-
ture. Finally, all the structures were also optimized using
hybrid functionals B3LYP 30–32 and B3PW91 30,33 with
6-31G** basis set for all atoms except Cd (Lanl2DZ basis
set and pseudopotential) as implemented in Gaussian09
software .34 Stability of the structures was investigated by
vibrational frequency calculations. No imaginary modes
were found and therefore the coupled QDs are found to
be vibrationally stable. The electronic transport calcula-
tions presented are based on the nonequilibrium Green’s
function (NEGF) method as implemented in the GPAW
code .35,36 The GPAW transport code uses the Green’s
function of the central region defined by
G(E) = [ES −HC − ΣL(E)− ΣR(E)]−1 (1)
where S and HC are the overlap and Hamiltonian matrix
of the scattering region. ΣL/R are the respective self en-
ergies of the leads. After the Green’s function G is solved
self-consistently the transmission function T is calculated
using the following expression,
T (E, V ) = Tr
[
G(E)ΓL(E)G(E)
†ΓR(E)
]
(2)
with ΓL/R(E) = i
(
ΣL/R(E)− ΣL/R(E)†
)
. Therefore,
T (E, V ) gives the transmission probability of an electron
having an energy E under an applied bias (and gate)
voltage V . The transmission function needs to be re-
calculated for each applied voltage. Further the current
through the junction is obtained by
I(V ) =
2e2
h
∫ µR
µL
T (E, V )dE (3)
where the electronic chemical potentials µL/R are con-
nected to the applied bias voltage via V = (µL − µR)/e
(e elementary charge) .37 The current is calculated by in-
tegrating the self-consistent transmission function within
the bias-dependent energy window spanned by µL/R. In
addition to transport studies using GPAW code we have
also done the electronic transport using Quantumwise
software 38,39 which follows same working principles de-
scribed above based on NEGF. The DFT implementation
in Quantumwise uses numerical atomic basis set to solve
the Kohn-Sham equations. Double zeta polarized basis
set was used for all atoms except Au (single zeta polar-
ized basis set was used, to save computational resources)
with GGA-PBE exchange correlation functional.
3III. RESULTS & DISCUSSIONS
A. Electronic Structure of the Coupled QDs
The coupled quantum dot, CdS/ZnSe is modelled by
conceptually fusing two isolated semiconducting QDs,
CdS and ZnSe, each having a fullerene-like hollow-cage
structure with 12 cations and 12 anions. Similar kind
of small magic sized clusters of Zn12O12,
40 Cd12S12,
41
Zn12S12,
42 In12As12
43 etc, were reported earlier. The
lowest-energy structure for the isolated Cd12S12 cluster
was found to be composed of eight hexagonal rings and
six four-membered rings, having overall Th symmetry.
Our calculations using B3LYP reveal that the hexagons
have alternating Cd−S bond-lengths of 2.50 and 2.60 A˚
respectively, while the Cd−S bond-lengths appearing in
the four-membered rings are all 2.60 A˚, which share the
edges with the hexagons. For the Zn12Se12 cluster which
is structurally very similar to the Cd12S12 cluster, the
hexagonal rings have alternating Zn−Se bond-lengths
of 2.35 and 2.42 A˚ respectively, while the bond-lengths
in the four-membered rings 2.42 A˚. The shorter bond-
lengths encountered in ZnSe QD compared to CdS indi-
cate greater ionic character of the former.
To construct the model coupled QDs, we have con-
nected the two different semiconducting QDs, Cd12S12
and Zn12Se12 of approximately similar sizes in many dif-
ferent ways and relaxed the resulting coupled structures,
to locate the minima on the potential energy surface. As
these QDs are composed of hexagonal rings and four-
membered rings, they can be linked together in three
different ways; (i) by aligning individual QDs via hexago-
nal faces, where six atom pairs can interact (ii) interfacial
alignment through the four-membered rings of the indi-
vidual QDs, with four interaction atom pairs, and (iii)
via edge to edge interactions, where two atom pairs can
interact. For the latter case three different configurations
can be built where different intra-dot bonds are aligned
next to each other.
These five different coupling possibilities are shown
in figure 1. The different inter-cluster interactions are
marked as configuration I - V throughout this paper. In
detail, configuration I is formed by the edges between
two hexagonal rings. The edge of a four-membered and
a six-membered ring forms configuration II. The edges of
two hexagonal rings on one QD and the edge of a four-
membered and a six-membered ring on the other QD is
configuration III and four pair interactions between two
four-membered rings (configuration IV) and six pair in-
teractions between two hexagonal rings (configuration V)
belonging to two different QDs are also possible.
To investigate the stability of these coupled dots, we
have calculated the respective interaction energies. The
interaction energy (∆E) of coupled dots can be calculated
from the total energies of coupled systems and their con-
stituent dots. It is defined as follows. 44
∆E = [E(CdS/ZnSe)− (E(CdS) + E(ZnSe))] (4)
FIG. 1. Different configurations of CdS-ZnSe coupled dot.
The different orientations of the dots towards one another
changes the strength of possible interactions
The calculated interaction energies (see Table-1) are
found to be negative in all cases indicating that the struc-
tures of coupled dots have lower energy compared to the
individual dots. The calculated interaction energy for the
most stable configurations within PBE and B3LYP are
−0.88 eV and −1.76 eV respectively.
TABLE I. Interaction energy of different configurations for
CdS/ZnSe QDs in eV with respect to both separated dots.
Results from two different DFT methods are shown.
Configurations ∆ E in eV
PBE B3LYP
I -0.62 -1.05
II -0.59 -0.99
III -0.65 -1.16
IV -0.74 -1.41
V -0.88 -1.76
Above results show that the system with six pair in-
teractions at the interface (configuration-V) is energet-
ically favored. Further for an easier comparison, we
shall refer to configuration-I as weak-coupling and the
configuration-V as strong-coupling, and all the other con-
figurations II, III and IV will be referred to as intermedi-
ate coupling regime. We start our discussion by con-
sidering the most stable case V, the strongly coupled
CdS/ZnSe QD, and discuss its structural properties as
calculated using B3LYP.
In configuration-V, the six-membered, hexagonal ring
of Cd12S12 QD is interacting face−to−face with a hexag-
onal ring of Zn12Se12 QD on the other side, allowing in-
teraction of six Zn-S and Cd-Se pairs. Strong interaction
between the two individual clusters alter the inter atomic
distances, not only in the inter-cluster region but also, in
its near vicinity. At the interface of the coupled QD, the
4hexagonal Cd3S3 ring (connected to the Zn12Se12 QD)
has alternating bond lengths which are ∼ 0.1 A˚ longer
(2.59 and 2.72 A˚) than other rings and the hexagonal
interfacial ZnSe ring also has longer alternating bond
lengths (2.43 and 2.50 A˚). This shows that there is an
overall increase in the ring size for both the dots due to
strain, affecting the hexagonal rings at the interface. The
increase in the coordination of atoms from three to four in
the interface may also lead to longer bond-lengths. The
Cd-Se and the Zn-S bridge bonds in the interfacial region
are 2.79 A˚ and 2.55 A˚ respectively, longer than the usual
bond-lengths calculated in the respective pure QDs.
In contrast, the weakly coupled CdS/ZnSe dot in
configuration I, show deviations of the bond distances
from the uncoupled QDs only for the bridge-bonds and
nowhere else. The Cd-Se bridge bond in this case is
2.91 A˚ which is very long, while the Zn-S bridge bond
is 2.47 A˚ which is slightly longer due to interfacial strain.
This minimal effect on average bond distances for the
coupled dot in configuration I also reflected in its re-
duced interaction energy compared to configuration V
(Table I). These trends in structural properties are also
observed with the PBE calculations.
The calculation of the band gaps of the isolated as
well as the coupled QDs are performed with care us-
ing different methods. As pure DFT functionals like
PBE routinely underestimate the HOMO-LUMO gaps
obtained from the energy difference of the highest occu-
pied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO), the identification of HOMO-
LUMO gaps (EHLG ) with the band gap is only one possible
definition.
Within DFT other common approach to obtain band
gaps is the use of ionization potential (IP) and electron
affinity (EA) for the definition of the band gap EFG =
IP− EA. The ionization potential is obtained from total
energy differences of the positively charged system and
the neutral one IP = E(N − 1) − E(N) and the electron
affinity is defined as EA = E(N + 1) − E(N). The EFG
values are larger than the EHLG ones, and present a better
estimate for the real band gap. The IP and EA obtained
using NRLMOL with PBE and the corresponding energy
gap value EFG together with the energy gap E
HL
G obtained
from the difference of the energies of the HOMO and the
LUMO for individual QDs and coupled QDs using PBE
and B3LYP are displayed in Table II for comparison.
It can be seen that the trend of the band gap for the in-
dividual QDs and coupled QDs are same in all the meth-
ods. The band gaps of the uncoupled CdS and ZnSe QDs
are larger compared to their coupled counterparts both
in the weak and the strong coupling regimes, suggesting
type-II band alignment at the interface.
Next we discuss the energy levels of the isolated QDs
as well as of the CdS-ZnSe coupled dot both in the weak
and strong coupling regime using the PBE functional (see
Figure 2). One can see that the energy levels are much
closely spaced in the strong coupling regime in compar-
ison to the weak coupling case. The alignment of the
TABLE II. Electronic properties of the single and coupled
QDs with IP ionization potential, EA electron affinity, EFG
gap from the difference between IP and EA, EHLG the HOMO-
LUMO gap. HOMO-LUMO gaps obtained using various DFT
methods are given. All values are given in eV.
IP EA EFG E
HL
G E
HL
G
(PBE) (B3LYP)
CdS 7.58 2.10 5.48 2.77 3.69
ZnSe 7.60 1.92 5.68 2.90 4.28
weak 7.14 2.38 4.76 2.61 3.52
strong 7.03 2.39 4.64 2.40 3.34
states near the Fermi energy is expected to play an im-
portant role in determining its transport characteristics
(see below).
Additionally we have plotted the iso-surface of orbital
density for HOMO and LUMO states as shown in Fig-
ure 2. The HOMO and LUMO states are localized at the
ZnSe QD portion and CdS QD portion of the coupled QD
respectively consistent with the expectation for a type-II
heterostructure. Further, one can see that the HOMO
and LUMO of the strongly coupled QD system extend
more into the other QD due to the stronger coupling.
To obtain further insights on the nature of the level
alignment and estimate the level offsets for the HOMO
and the LUMO states at the interface we have plot-
ted the partial DOS for the anion p and cation s states
(see figure 5). The partial DOS indicates that the occu-
pied states near the gap are predominantly anion p-like
whereas the unoccupied states near the gap mainly show
cation s-character. Interestingly the band offsets between
the p-states of S and Se and the s-states of Cd and Zn
are in accordance with offsets typical of a type-II inter-
face. Band-offsets change depending on the coupling (see
figure 3) and the different energy level alignments are ex-
pected to affect the transport properties which we shall
investigate in the next section.
B. Models for two probe junctions with gold contacts to
coupled dots
The geometry of the two-probe setup including the
gold Au(111) contacts for the weak and strong coupled
dots are shown in Figure 4. In order to build appropriate
contact models and to avoid excessive computational re-
quirement six layers of gold for each contact were used to
model metallic electrodes. The inner three gold layers are
part of the scattering region and the outer three layers
are repeated to represent metallic leads (see Figure 4).
To find the minimum energy structure of the model
devices we first attached only one gold contact to the
respective coupled dot system and varied only the dot -
lead interval to find the equilibrium distance. In the sec-
ond step the opposite side gold layer was placed by using
5FIG. 2. The energy levels of individual dots and both the coupled dots and the isosurfaces of strong and weak coupling.
FIG. 3. (a) Partial density of states for weak-coupling.(b)
Partial density of states for strong-coupling.
the distance obtained in step one. Finally we carried
out a geometry optimization step for the whole system
where the topmost gold layers together with the attached
dots were allowed to relax. We double-checked all our
transport calculations by using equivalent model systems
within the electronic transport code implemented in the
freely available GPAW 36 code and with the Quantum-
wise software .38,39
CdS ZnSe Au (111)Au (111)
strong
weak
ΣRΣL scattering region
FIG. 4. Model of the weak (top) and strong (bottom) cou-
pled CdS/ZnSe QD between gold leads. On the right side
is ZnSe (grey/orange) and on the left one CdS (beige/yellow).
Additional one can see the regions of self energy and scatter-
ing region as used in the transport calculation.
C. Electronic transport properties of the coupled QDs
The electronic transmission spectra calculated at zero
bias for the two model junctions are shown in Figure 5a
and 6a respectively. The transmission spectrum, while
directly related to the current, also contains important
microscopic information on the nature of transport chan-
nels and their coupling to the metallic electrodes.
In general, the electronic states of the scatterer, which
can conduct owing to their strong conjugation and over-
lap with the electrodes produce peaks in the transmis-
sion spectrum. The transmission eigenvalues for the
given two-probe setup at a given energy and applied bias
voltage are then obtained by diagonalizing the transmis-
sion matrix which are plotted in 5b and 6b respectively.
The transmission eigenstate corresponds to the scatter-
ing state from the incoming left electrode to the out-
6FIG. 5. (a) Transmission spectra presented for Au(III)-
CdS/ZnSe QD -Au(III) two-probe setup considering both
spins (strongly coupled case, V). The transmission spectra are
calculated for zero applied bias. Horizontal lines shown at the
right of each plot show states of the coupled dot in the two
probe set up. These represent the states of the coupled dot
modified by the presence of the electrodes (MPSH). (b) The
transmission eigenstates/channels calculated from the trans-
mission spectrum T(E,Vb=0.0 V). The phases of the eigen-
states are shown in two color format.
going right electrode. While the number of eigenvalues
indicate the number of individual transmission channels
through the coupled QD, only the eigenstates with sig-
nificant eigenvalues are plotted in Figure 5b and 6 b.
If several transmission channels are available at a par-
ticular energy, their sum and hence the transmission co-
efficient at this energy, may however be larger than 1
as is seen in the transmission spectra presented in Fig-
ure 5 a and 6 a. Higher values of transmission coefficients
(> 1) indicate parallel conducting pathways and the to-
tal transmission probability T (E, V ) can be defined as
T (E, V ) =
∑
n Tn(E, V ) where n is the number of chan-
nels.
There is a remarkable difference between the trans-
mission spectra of the strong and weakly coupled QDs
in two-probe setups (Figure 5a and Figure 6a) in the gap
region, near the Fermi energy. While the difference be-
tween the energy gaps of the weakly coupled and the
strongly coupled isolated, contact-free coupled QDs is
about 0.2 eV (see Table II, EFG), the difference in gap
in the transmission spectrum (see Figure 5a and 6a ) in
the two-probe setup is approximately 1.0 eV. In view of
this the weakly coupled QD exhibits significantly lower
FIG. 6. (a) Transmission spectra presented for Au(III)-
CdS/ZnSe QD -Au(III) two-probe setup considering both
spins (weakly coupled case, I). The transmission spectra are
calculated for zero applied bias. Horizontal lines shown at the
right of each plot show states of the coupled dot in the two
probe set up. These represent the states of the coupled dot
modified by the presence of the electrodes (MPSH). (b) The
transmission eigenstates/channels calculated from the trans-
mission spectrum T(E,Vb=0.0 V). The phase of the eigen-
states are shown in two color format.
conductance compared to the strongly coupled QD as
obtained from transmission spectra at zero applied bias.
Clearly the energy gap of the strongly coupled QD is
much more affected by attaching the QD to the contacts
than the weakly coupled QD. The fact is underlined by
an analysis of the states that contribute to the respective
transmission spectra.
The HOMO level for the strongly coupled QD without
contacts is found to be nearly degenerate as observed
in Figure 3a and this behavior is conserved in the two
probe setup. The transmission eigenstates plotted in the
Figure 5b shows more delocalization of the coupled QD
states at the interface of the strongly coupled QD along
with significant contributions from the left electrode re-
gion corresponding to the incoming scattering state. Ad-
ditionally, the eigenstate plotted at −1.34 eV also shows
slight contribution of the right electrode indicating good
conduction channel formed through the scatterer and the
values of transmission coefficient are seen in the dual
peaks around −1.4 eV in Figure 5a. The inner orbitals
which give higher T (E, V ) values are more delocalized
(states not shown in the Figure).
As discussed in the previous section, the HOMO is
7FIG. 7. The calculated current versus voltage curve I for
weakly coupled QD and V for strongly coupled QD are shown
in Au based two-probe setups which are shown at the right.
mainly located at the ZnSe QD, but the presence of the
gold-contacts lead to a delocalization of the HOMO over
both QDs in the coupled system to a certain extent form-
ing a better transport junction. The LUMO level of the
strongly coupled QD is still localized within the CdS QD;
it is significantly lowered in energy and is now found near
the Fermi energy and the eigenstate is plotted in (Fig-
ure 5b). The eigenstate is found to be localized on CdS
QD with contributions from the incoming left scattering
state and shows a small transmission-coefficient. The
calculated conductance of the strongly coupled QD is
2.16 µS. The more conducting transmission eigenstates
are plotted at 1.15 eV and two degenerate eigenstates
at 1.74 eV are also shown in Figure 5b. These eigenstates
show significant contributions from the coupling region of
the sandwiched QD which is reflected in their transmis-
sion co-efficient being 2 in the plotted T (E, V ) Figure 5a.
In the weakly coupled QD, the states between −1 to
1 eV of energy shown by red horizontal lines on the trans-
mission spectra Figure 6a are localized states, and are not
good conducting channels. The calculated eigenstates
in this region thus show negligible eigenvalues and the
transmission coefficient is almost zero showing no con-
duction. An inner state at −1.58 eV is seen to be delo-
calized, which shows two non-negligible eigenvalues cor-
responding to two simultaneous transmission eigenstates
as shown in Figure 6b. In this setup the coupling to the
contacts are lower and therefore there is small contribu-
tion to the transmission spectra arising from the LUMO
located at 1.42 eV and the corresponding transmission
eigenstate (Figure 6b) is mostly localized on ZnSe QD.
We also show another delocalized transmission eigen-
state, at 1.90 eV, responsible for the strong peaks in
T (E, V ) (Figure 6b). The calculated conductance in this
configuration is 0.016 µS, which is almost two orders of
magnitude smaller than the strongly coupled QD.
The transmission spectrum calculated under zero bias
voltage is not sufficient to describe the transport proper-
ties of a device. It is necessary to investigate the current
versus voltage (I-V) curve, which can quantitatively de-
scribe the electron transport properties under finite bias
voltages. The complete current-voltage, (I-V) curve of
the model junctions in the bias region of [−2.0 V, 2.0 V]
are shown in Figure 7. First it is obvious that the con-
ductivities of the two model systems differ significantly
by almost two orders of magnitude (see also Figure 8).
Additionally the I-V curves are asymmetric with respect
to changing the sign of the bias voltage, in case of con-
figuration I more than V. The latter gives rise to some
rectification behaviour of the model QD junctions. This
asymmetry stems from the fact that the states close to
electrode Fermi energy are localized on either sides of
the QDs (see Figure 2), and thus contribute differently
to electronic transport. Similar criterion has been ex-
ploited to design molecular rectifiers earlier16,17 in donor-
acceptor type molecules.
In order to better understand the rectification charac-
teristics for the coupled QD device, we investigated the
change of the transmission spectra under various applied
bias voltages. This study shows that for both strongly
coupled and weakly coupled dots with larger applied bias
voltages, more states fall within the bias window, some
of which are partially delocalized and thus act as electron
transmission channels, especially for the strongly coupled
QD and thus the total transmission probability and con-
sequently the current increase. For weakly coupled QD
the large energy gap in the T (E, V ) due to unavailability
of suitable states is responsible for less increase in current
within the applied voltage range studied.
Typically envisaged applications of coupled QDs are
the use of the respective setups as switching devices.
Thus we investigated the I-V characteristics of the two
coupled dot systems for different setups of gate elec-
trodes. Additionally it is possible to clarify the origin of
the effects seen in the I-V characteristics. A gate setup
where the gate voltage is applied to both dots simulta-
neously will change the energy levels of the coupled QD
system relative to energy of the orbitals in the contacts.
Thus the main effect of such an setup is the change of
QD and contact coupling.
A second setup where the gate is only applied to one
dot of the coupled dot system is used to investigate the
effect of shifting the energies of the levels in the CdS QD
while keeping the ZnSe levels (almost) constant. In the
latter setup the main effect is due to the change in cou-
pling between the individual dots in the junction. The
main results of this investigation together with schematic
drawings of the respective junctions are shown in Fig-
ure 8. Our study included gate voltages between −8 and
8 V. In general the effect of applying a gate voltage over
both QDs in the coupled systems is small. The effect is
even negligibly small for the strongly coupled QDs (see
8FIG. 8. (a) The current-voltage curves are corresponding to
model device shown in Figure 4. We plot the current on a log-
arithmic scale. In case of the weakly coupled QD the current
is about one order of magnitude smaller and slightly asym-
metrical for the change of direction of the bias voltage. For
the strong coupled dot the gate does not change much. In con-
trast to that for the weak coupling dot the current increases
systematically and reaches nearly the strong coupling dots.
(b) Gates over the CdS dot influence the current-voltage de-
pendence. In this configuration there is an increase in the
current for both couplings.
Figure 8a). On the other hand, the impact of applying
the bias voltage on just the CdS QD is huge. As can be
seen in Figure 8b, the current changes up to one order of
magnitude upon application of the gate voltage. Further
the asymmetry of the I-V curve of the weakly coupled
QDs is amplified. These results can be interpreted in the
following way. Changing the coupling between the cou-
pled QD systems and the gold contacts has very little
effect on the I-V curves.
Thus the major effects that are responsible for the
transport characteristics arise from the different elec-
tronic coupling between the individual QDs. Qualita-
tively, a selected preparation of junctions with coupled
dots in different bonding configuration would enable tun-
ing of the junction properties. Moreover the application
of a gate voltage, especially for the weakly coupled config-
uration, would allow for the design of switching devices.
IV. CONCLUSIONS
We have studied the electronic structure and trans-
port properties of CdS/ZnSe coupled QDs using DFT
and NEGF method respectively. The electronic structure
calculations reveal that different stable geometries are
possible, which can be characterized by different interac-
tion strengths. The significant feature of the electronic
structure is the spatial separation of HOMO and LUMO
on different QDs which are coupled together. This be-
havior can be found in all coupling configurations, which
may be interesting and beneficial for photovoltaics appli-
cation. The HOMO-LUMO photo excitation will result
in charge separation across the coupled dots. Further, the
use of QDs with variable size in principle offers the possi-
bility to tune the band gap and therefore the absorption
properties accordingly. The calculated I-V curves show,
that the conductivity depends strongly on the interac-
tion between the dots. The conductivity of the strongly
coupled dots is roughly two orders of magnitude larger
compared with the weakly coupled dot. In fact, the weak
and strong coupling scenario provide limiting cases for
the transport, for all investigated coupling scenarios. The
usage of an additional gate voltage on one of the coupled
dots allows to fine tune the coupling and thereby the
transport behavior. In particular it allows to switch the
junction between conducting and non conducting mode
effectively realizing an electronic switch. The obtained
I-V curves show strongly nonlinear behaviour, due to the
asymmetry under bias inversion and diode-like rectifica-
tion behaviour can be achieved. Further combinations
of dots with largely different electron affinities / ioniza-
tion potentials would enable the creation of intrinsic p-n
junctions using coupled dots without doping. Coupled
dot systems are already under experimental investiga-
tion, and they are integrated as active component within
QD sensitized solar cells.4 We hope that our results on
transport properties for model coupled dot systems will
motivate experimental research on such systems which
may be interesting for electronic applications similar to
the field of molecular electronics.
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